Objective: Stroke symptoms in right hemispheric stroke tend to be underestimated in clinical assessment scales, resulting in greater infarct volumes in right as compared to left hemispheric strokes despite similar clinical stroke severity. We hypothesized that patients with right hemispheric nonlacunar stroke are at higher risk for secondary intracerebral hemorrhage after thrombolysis despite similar stroke severity.
Intracerebral hemorrhage (ICH) is the most serious complication after systemic thrombolysis for ischemic stroke. 1 Risk of secondary hemorrhagic transformation increases with the volume of ischemic brain tissue. [2] [3] [4] Although there is a rough association between the clinical stroke severity and the volume of the affected brain tissue, the recognition of neurologic deficits is different for left and right hemispheric strokes. 5 Language disorders, being a typical sign of left hemispheric dysfunction, are more likely to be recognized than predominantly right hemispheric symptoms, such as neglect or anosognosia. 6 The most widely used assessment scale for stroke severity is the NIH Stroke Scale (NIHSS). Although its reliability, clinical usefulness, and prognostic validity was shown in several studies, 7-10 it overemphasizes left hemispheric symptoms. 11 Thus, lesion volume may be substantially higher in right hemispheric as compared to left hemispheric stroke despite similar NIHSS scores. [11] [12] [13] This may lead to different risk profiles of secondary ICH after thrombolysis.
We used 2 independent cohorts with CT-and MRI-based prethrombolysis brain imaging to investigate whether the risk of parenchymal ICH in nonlacunar strokes differs between patients with left and right hemispheric stroke when adjusted for clinical stroke severity according to the NIHSS.
METHODS Hypothesis and definitions. The primary hypothesis was that patients with right hemispheric nonlacunar stroke have a higher hemorrhage risk as compared to patients with left hemispheric nonlacunar stroke despite similar stroke severity assessed by the NIHSS. The secondary hypothesis was that hemorrhage risk is dependent on the prethrombolysis lesion volume irrespective of the side of ischemia.
The analysis was restricted to nonlacunar strokes because the functional difference between the 2 brain hemispheres does not affect the severity of lacunar strokes (not involving task-specific cortical areas). For the nature of the available data, we used 2 different definitions for nonlacunar stroke in the 2 cohorts: In the CT-based cohort, nonlacunar stroke was defined clinically by the positive evidence of cortical symptoms (i.e., dysphasia, neglect, hemianopia). In the MRI-based cohort, a radiologic definition for nonlacunar stroke was applied: all patients with infarct volumes larger than the upper size limit of a lacune (1.5 cm ϫ 1.5 cm ϫ 1.5 cm ϭ 3.38 mL) were included in the present study irrespective of clinical symptoms.
The primary outcome parameter was the percentage of parenchymal hematoma. In both cohorts, hemorrhages were classified according to published criteria 14 as hemorrhagic infarctions with small petechial hematoma (HI1), hemorrhagic infarctions with more confluent petechiae (HI2), parenchymal hematoma with Ͻ30% of the infarcted area with some mild space-occupying effect (PH1), and parenchymal hematoma Ն30% of the infarcted area with significant space-occupying effect or clot remote from the infarcted area (PH2). PH1 and PH2 hematoma were defined as parenchymal hematoma. Identical criteria of hemorrhage volume and location were used in MRI (T2*) and CT follow-up scans and all hemorrhagic lesions were interpreted as acute except of known residual hemorrhagic defects. In case of more than one follow-up scan within 36 hours, hemorrhage classification was always determined with the scan showing the highest degree of intracranial hematoma.
We used the radiologic definitions as principal outcome parameter to avoid a recognition bias, because hemorrhages (like ischemic lesions) may cause clinical signs to a different extent in both hemispheres. Although there is controversial information about the association of parenchymal hematoma with infarct size, 3, 4, 15 both PH1 and PH2 have been shown to be associated with poor prognosis. 4, 16 Symptomatic hemorrhage was defined according to the National Institute of Neurological Disorders and Stroke criteria: a hemorrhage was considered to be symp-tomatic if it was not seen on a previous brain scan and there had subsequently been any decline of neurologic status, 1 irrespective of a drop in the NIHSS. Symptomatic ICH were defined to be treatment-related when they were observed within the first 36 hours.
Prethrombolysis CT-based cohort. The thrombolysis databank of the Telemedical Project for Integrative Stroke Care (TEMPiS) was used to test the primary hypothesis. 17 TEMPiS is a TeleStroke network of 2 academic and 12 community hospitals in Germany. 18 In the TEMPiS network, standardized protocols for administering tissue plasminogen activator (tPA) within 3 hours were applied according to international guidelines. For selection of tPA candidates and guidance in complication management, all patients treated with tPA in community hospitals are presented to the academic hospitals for standardized telemedical consultation. The consultation includes a clinical examination with NIHSS assessment, check of inclusion and exclusion criteria, as well as transmission of baseline and follow-up imaging. All consecutive thrombolysis treatments were recorded in a quality assessment databank. Previous evaluations of this ongoing registry yielded comparable process quality and outcome of stroke thrombolysis in regional hospitals and stroke centers. 17, 19 Patients with (suspected) basilar artery occlusion or brainstem infarcts, nonvascular final diagnosis, bilateral hemispheric infarcts, and incomplete data were excluded from further analysis. Information about demographics, comorbidities, and clinical and laboratory values at baseline were collected. All NIHSS raters underwent standardized training and certification in the use of the NIHSS. Mandatory brain imaging was performed on admission and between 24 and 36 hours after tPA administration according to existing guidelines. 20 Two different radiologists blinded to clinical data reviewed all brain images. Vital status at day 7 was recorded; patients discharged before day 7 were followed up using the medical documentation after discharge (e.g., letters from rehabilitation hospitals) or by telephone.
MRI-based cohort. Data of the retrospective magnetic resonance (MR) stroke study cohort were used in order to confirm our hypothesis of increased hemorrhage risk in right hemispheric strokes when adjusted for the NIHSS. 3 Furthermore, this dataset was used to test the second hypothesis that the hemorrhage risk is similar in left and right hemispheric stroke when adjusted for the size of the initial ischemic lesion. The MR stroke study cohort comprises the pooled data from 678 patients of 10 academic stroke centers in Europe, the United States, and Asia who underwent MRI before thrombolytic treatment. Follow-up imaging for hemorrhage detection was done in all patients either with CT or with T2* imaging in MRI. This study had previously shown a continuous increase of symptomatic hemorrhage with increased volume of the ischemic lesion (odds ratio [OR] 1.080; 95% confidence interval [CI] 1.012-1.153) in diffusion-weighted imaging (DWI) but did not evaluate hemispheric differences concerning bleeding risk.
Details of the MRI-based cohort were described previously. 3 For the present analysis, only patients with complete data for age, NIHSS, time to treatment, kind of thrombolysis (IV or intra-arterial), thrombolytic agent (urokinase or tPA), NIHSS, and DWI lesion volume were included.
Standard protocol approvals, registrations, and patient consents. The scientific evaluation of the TEMPiS project (CT-based cohort) including safety monitoring of systemic thrombolysis in patients who were not able to give informed consent was approved by the local ethics committees of the Ba-varian Chamber of Physicians. The post hoc analysis of anonymized data was approved by the ethics committee of the University of Regensburg.
The standardized MRI study protocols of the MRI-based cohort had been approved by all local ethics committees of the hospitals participating in the MRI study group.
Statistical analysis. The 2 test was used to test differences in
proportions and the Mann-Whitney U-test for those in continuous variables. To estimate OR and the resulting 95% CI of predictors for parenchymal hematoma, multivariate logistic regression was performed. In the CT imaging cohort, the influence of lesion site (a priori hypothesis), age (age groups), sex, institution (academic or community hospital), comorbidities (diabetes, hypertension, atrial fibrillation), antiplatelets and anticoagulants before stroke, systolic blood pressure and blood glucose levels before treatment (both continuous), time from stroke onset to treatment in minutes (continuous), and NIHSS on risk of ICH were investigated in univariate and multivariate analyses. We used the NIHSS as a continuous variable because there is no rational cutoff value when comparing patients with left and right hemispheric stroke.
In the MRI cohort, the risk of parenchymal hematoma was assessed with adjustment for age (age groups), time to treatment (Յ3 hours and Ͼ3 hours), thrombolytic agent (tPA or urokinase), intra-arterial vs IV application, and NIHSS (continuous).
In a post hoc, nonprespecified analysis, we pooled the 2 cohorts and included all patients with lacunar and nonlacunar strokes. The same variables as in the MRI cohorts (except of DWI volume) were entered in the multivariable logistic regression analysis in order to determine the effect of lesion side on risk of parenchymal hematoma. Variables in multivariate analyses were eliminated using a backward-elimination procedure. Analyses were restricted to data without missing values.
The statistical significance of the resulting coefficient was tested by the likelihood ratio test. An ␣ level of 5% was considered to be significant. Data were analyzed using SPSS 14. of patients according to predefined criteria (i.e., missing clinical/laboratory values, vertebrobasilar infarction, bilateral infarctions), 392 patients with nonlacunar strokes remained for further analysis (figure 1). Characteristics of patients with nonlacunar stroke are shown in table 1. There were no significant differences in other baseline characteristics between patients with right and left hemispheric strokes, except for initial systolic blood pressure being higher in right hemispheric nonlacunar strokes (129.9 vs 127.6 mm Hg, p ϭ 0.02). Despite similar NIHSS scores in right and left hemispheric nonlacunar strokes (median NIHSS: 15 vs 13, p ϭ 0.7), patients with right hemispheric nonlacunar stroke had a twofold higher rate of parenchymal hematoma (12.4% vs 5.7%, p ϭ 0.024), higher rates of symptomatic ICH (not significant), and a trend toward a higher 7-day mortality (table 1).
RESULTS
In comparison, patients without cortical signs (left hemispheric n ϭ 49, right hemispheric n ϭ 138) had lower NIHSS scores (right: median 9, interquartile range [IQR] 7-12; left: median 7, IQR Table 1 Baseline characteristics and short-term outcome of patients with cortical signs in the CT and MRI cohorts MRI cohort. The MR stroke study group databank comprised 678 patients. The selection of patients according to inclusion and exclusion criteria is shown in figure 2 .
Baseline characteristics and hemorrhage rates are shown in table 1. Patients with right hemispheric nonlacunar stroke had lower baseline NIHSS scores (median NIHSS 14 vs 16, p Ͻ 0.01) despite larger initial DWI lesion volumes (32 mL vs 21 mL, p Ͻ 0.01). Parenchymal and symptomatic ICH were more frequent in right hemispheric strokes but these differences were not significant (table 1) .
In multivariate analysis, the increased probability of parenchymal hematoma in right hemispheric nonlacunar strokes (OR 2.09, 95% CI 0.98 -4.49) was of borderline significance ( p ϭ 0.057) (table 3) . After adjustment for lesion volume instead of NIHSS, lesion side had no association with risk for parenchymal hematoma (OR 1.34, 95% CI 0.63-2.88; p ϭ 0.45) but lesion volume was correlated with hemorrhage risk (table 3) .
Post hoc analysis of the pooled cohorts including lacu-
nar and nonlacunar strokes. The pooled cohort comprised 1,019 patients. Beside NIHSS at admission (OR 1.08, 95% CI 0.03-1.13) and intra-arterial thrombolysis (OR 2.17, 95% CI 1.02-4.62), right hemispheric stroke remained a predictor of parenchymal hematoma (OR 1.72, 95% CI 1.03-2.87; p ϭ 0.037). DISCUSSION A higher risk of parenchymal hematoma was observed in patients with right hemispheric nonlacunar stroke despite similar clinical stroke severity according to the NIHSS. The rate of parenchymal hematoma in right hemispheric stroke was more than twofold compared to left hemispheric nonlacunar stroke and this relationship was seen in 2 independent patient cohorts. The higher risk for hemorrhages is apparently caused by greater lesion volumes in right hemispheric nonlacunar stroke with similar stroke severity. This is mainly attributable to the fact that right cortical symptoms in right hemispheric strokes are not equally represented in the NIHSS compared to predominantly left hemispheric speech disorders. Of the 42 points available, 7 are directly related to language disturbances. Only 2 points are related to neglect. In addition, dysphasic symptoms are often caused by smaller infarcts restricted to cortical speech areas while neglect is usually associated with extended infarcts.
Smaller proportions of patients with right hemispheric infarcts were seen in both cohorts. On the one hand, this may reflect the difficult clinical recognition of subtle right cortical signs. Conversely, it could also be a consequence of the unawareness (anosognosia) of patients who have mainly rightsided cortical symptoms 5 and therefore do not seek medical consultation, in contrast to patients with, i.e., isolated speech disorders. In addition, patients with predominately neglect symptoms are less likely to score 5 or more points in the NIHSS compared to patients with speech disorders. Because strokes with NIHSS Ͻ5 are often deemed to be nonsevere strokes, these patients had a (relative) contraindication for IV thrombolysis in the CT imaging cohort. 21 Larger infarct volume and the higher parenchymal hematoma rate are also possible reasons for the trend toward increased case fatality in right hemispheric nonlacunar stroke. This is in line with previous observations 22 of a twofold increased probability of good outcome (modified Rankin Scale Ͻ2) in left hemispheric stroke after systemic thrombolysis, although this analysis was not stratified for cortical and noncortical involvement. and p values were given just before removal.
Our study has several limitations. The determination of cortical involvement with neurologic symptoms as used in the CT cohort may not always be reliable because subcortical lesions like thalamic infarcts occasionally cause neuropsychological deficits and infarcts restricted to the motor or sensory cortex may cause "lacunar syndromes." However, the increased risk of parenchymal hematoma in right hemispheric nonlacunar strokes was confirmed in the MRI cohort using a different definition of nonlacunar stroke. Conversely, restriction to DWI lesions Ն3.75 mL in this MRI cohort will have excluded small cortical infarcts. In our perspective, these limitations are likely to lead to an underestimation of hemisphere impact on hemorrhage risk. DWI lesion volume does not exactly reflect the volume of tissue ischemia but is widely used as an approximation of infracted tissue. Although time from (recognized) symptom onset to imaging was similar in left and right hemispheric strokes in the MRI cohort, delayed recognition of symptoms may have contributed to the differences in DWI lesion volume at baseline.
The differences between the 2 cohorts regarding patient selection, hemorrhage detection, follow-up data, and use of intra-arterial therapy and volume determination in initial imaging make direct comparisons difficult.
The observation that the secondary hemorrhage risk is higher in right hemispheric nonlacunar strokes does not necessarily mean that the risk-benefit ratio is different in ischemic strokes of the 2 hemispheres. Saved brain tissue in the right hemisphere may prognostically be as important as in the left hemisphere and not all parenchymal hemorrhages are symptomatic particularly if they occur in the bed of large infarctions. Hence, the impact on prognosis needs to be analyzed separately with existing data of randomized thrombolysis trials. 23, 24 A recent analysis of placebo-treated patients included in randomized trials confirmed that right hemisphere stroke is an independent predictor for ad- verse outcome at 90 days when adjusted for the original NIHSS. 25 However, no difference in functional outcome was found between patients with right or left hemisphere stroke when adjusted for a "hemisphere unbiased" NIHSS subscore. Stroke severity based on the results of the NIHSS is currently one of the most commonly used criteria in selecting patients for thrombolytic treatment. Our study raises the question whether the NIHSS needs to be adjusted for hemispheres in order to provide an adequate assessment of hemorrhage risk. "Tissuebased assessment" for hemorrhage risk appears to be more accurate and should be used for the scientific evaluation of new therapeutic approaches. 
